Synthetic Aperture Radar (SAR) has been widely used in many different fields, such as geoscience, climate monitoring, securityrelated applications. However, over natural terrain the radar signal has the ability to penetrate the ground surface which can cause the bias in the elevation measurements. The aim of the paper is to assess the SAR signal penetration effect on the TanDEM-X absolute elevation over ice and snow covered areas and it presents the results concerning the X-band SAR signal penetration effect on dry snow areas and blue ice region. Additionally, the relationship between SAR signal penetration depth and backscattering coefficient is exploited and discussed. In this paper, two study sites, Schirmacher area and Recovery Ice Stream are selected and it is found that the general X-band SAR signal penetration depth is around 3-7 meter on dry snow area while no penetration depth is expected on the blue-ice region.
INTRODUCTION
Glaciers are closely related to the Earth's climate system as the major contributors to the sea level rise and temperate and tropical glaciers also play a significant role in the life of human beings. However, almost 99% glacial ice on Earth is located in the Polar Regions (Vaughan et al., 2013) and is difficult to investigate through field research. Therefore, it is important to monitor glaciated regions and more over generating accurate up to date Digital Elevation Model (DEM) of these areas will contribute significantly to this application.
Only few available DEMs covered the whole Antarctica are available and they are generated from single data source or multiple data sources with different methods such as an altimetry based DEM developed by (Bamber et al., 2009 ) and the Radarsat Antarctica Mapping Project (RAMP) DEM of (Liu et al., 1999) . These two DEMs generated with decades-old data are widely used, which cannot provide high accuracy Antarctica surface elevation measurements and the surface topographic data (Liu et al., 1999) . The TanDEM-X satellite mission provides a good opportunity to do the research of glaciers on a large scale even in remote areas like ice sheets, ice caps and ice fields by providing a global view of the DEM of glaciers with high accuracy, 2 m vertical accuracy and 6 m horizontal accuracy.
Over natural terrain such as snow and glacier the radar signal has the ability to penetrate the ground surface and the SAR phase center is located below the natural terrain, consequently, the surface elevation of DEM derived by the Interferometric Synthetic Aperture Radar (InSAR) has a negative bias and lower than the actual surface elevation (Dall, 2007) . The bias between the DEM elevation and the terrain elevation can be regarded as the two-way penetration depth of the SAR signal (Dall, 2007) . In order to have the high accurate DEM which represents the actual terrain, it is important to investigate the SAR signal penetration effect. In particular, for ice and snow covered areas the SAR signal penetration plays a significant role which will be described in detail in this paper.
METHODOLOGY
In this section, the basic backscatter theory and the definition of the penetration depth are described in detail. Then, the processing chain of the experiment is presented.
Backscattering coefficient
The backscatter is the reflected wave or signal which changes its forward direction by 180° while the definition of the backscattering coefficient is the differential scattering cross section per unit volume for a scattering angle of 180° (Chen et al., 1993) . Generally, the radar backscatter of an area on the ground can be represented by a SAR image. The darker area of a SAR image has lower backscatter while the brighter area has higher backscatter. The backscatter can be influenced by a variety of factors such as surface roughness, moisture of the ground, dielectric constant, penetration depth, physical size of the target object, SAR frequency, polarizations, viewing geometry (incident and azimuth angles), surface slopes, etc. (Jawak et al., 2015) .
For interpretations of the signal measured by SAR systems, two scattering mechanisms are considered in the backscatter theory: surface and volume scattering. The surface scattering occurs only at the surface boundary between two different but homogeneous media. For a rougher surface, the backscattering increases while the scattering amplitude along the specular direction decreases (F. Ulaby, Moore, & Fung, 1982) . Volume scattering takes place at the surface boundary between two different and inhomogeneous media, a part of the transmitted signal may be scattered back by the inhomogeneity and received by the antenna. Volume scattering coefficient is defined as the total scattering cross-section per unit volume. Figure 1 sketches the surface and volume scattering mechanisms. 
Penetration depth
The penetration depth of SAR signal in snow and ice has been explored since the first spaceborne SAR system launched at the end of last century. Several definitions of penetration depth can be found in the literature and some models of penetration depth were developed based on these definitions and four different penetration depths are widely used in different papers.
Power penetration depth:
The power penetration depth is defined by the depth at which the average power of a wave traveling downward within a medium attenuates to 1/e (about 37%) of the power at a point just below the surface (Ulaby et al., 1984) . For a medium with uniform extinction coefficient ke, the penetration depth is governed by scattering and absorption losses as:
where δp = power penetration depth ke = extinction coefficient
Scattering Phase center:
The signal emitted by an antenna is assumed as a spherical wave and then the phase center is the point from which the wave appears to have come (Müller, 2011) . The phase center of a volume distributed target is the location of its apparent focal position. It is the position in space of a single scatterer equivalent to the combined backscatter from all individual scatterer within the radar-beam (Müller, 2011) .
The DEM derived by InSAR records the location of the phase center instead of the terrain surface which is always located below the natural surface such as snow, vegetation ground, resulting from the penetration effect of SAR signal. The elevation bias is defined by the difference between the measured elevation derived from an InSAR DEM and the true surface elevation (Dall, 2007) .
One-way penetration depth:
For the SAR of nadir signal, the one-way vertical penetration depth also depends on the transmission angle (θt) (Abdel Jaber, 2016): In this paper, the X-band SAR Signal penetration depth is the two-way penetration depth which is the elevation difference between the TanDEM-X DEM and the laser altimetry data or GNSS data.
Processing chain
The experiment processing steps are sketched in Figure 2 . The TanDEM-X DEM and ILATM2/GNSS are introduced in the next section while the backscattering coefficient image is the intermedia result during the DEM generation. In order to reduce the "salt-and-pepper" noise, a median filter with window size 3 by 3 is applied to the backscattering coefficient image while the window size is selected based on the experiment. Then all the data are processed along each profile to measure the penetration depth. Then Pearson correlation coefficient is applied in order to find the relationship between the penetration depth and backscattering coefficient. 
EXPERIMENT AREAS AND DATA
The detail information of two study sites are provided in this section, then the experiment's data of the investigated areas are described in the following.
Study sites
Two test sites have been taken into consideration in this paper: Recovery Ice Stream, Schirmacher Area. They are selected based on the availability of additional, independent elevation measurements which coincident to the TDM bistatic acquisition.
Recovery Ice Stream which is located in East Antarctica is flowing west along the southern side of the Shackleton Range in Antarctica. It is the longest dynamic ice-flow features, extending about 1000 km inland (Fricker et al., 2014) . The investigation area which extends from 80°5'S to 82°6'S and 18°4'W to 30°59'W contains four subglacial lakes (R1, R2, R3 and R4) (Figure 3 ). These subglacial lakes contribute to the ice flow rate which is varying dramatically, ranging between 2 and 50 meters per year (Kohler, 2007) .
The second study site Schirmacher Oasis is located on the edge of the Antarctic Ice Sheet and the Ice Shelf which is a rock barrier to a northward running ice stream and occupies an area of 35 km 2 . The investigated region (Figure 3 ) in this paper surrounds the Schirmacher Oasis and extends from 70°15'S to 71°30'S and 11°4'E to 15°59'E covering 12900 km 2 . In this region, blue ice exists. The blue ice areas only exist in Antarctica and cover approximately 1% of the entire Antarctica surface area (Bintanja, 1999) which are known as the oldest and densest areas in a glacier. Compared with the glacier ice, the blue ice has smaller air bubbles, higher density and a flat, smooth and hard surface which have been used as aircraft landing strips (Mellor and Swithinbank, 1989) . The surface of the blue ice areas is generally rippled due to the sublimation by the wind (Bintanja, 1999) . 
TanDEM-X DEM
The TanDEM-X DEMs of Recovery Ice Stream and Schirmacher area are used in the experiments which are generated by the Integrated TanDEM-X Processor (ITP) from TanDEM-X bistatic data. The ITP was developed for SAR data quality analysis, interferometric processing and DEM generation by DLR/IMF (Rossi et al., 2012) .
In the context of the present study, the TanDEM-X DEM of Recovery Ice Stream (Figure 4 ) and the TanDEM-X DEM of Schirmacher Area ( Figure 5 ) are used and the detailed information is shown in 
The ATM data over Recovery Ice Stream
The laser altimetry data over Recovery Ice Stream used in this investigation was acquired by the IceBridge ATM L2 (ILATM) on October 25 th , 2014. The spatial resolution of ATM data is 80 m sample width and 40 m spacing along the track (Krabill, 2010 (Krabill, , updated 2016 . Colors in basemap indicate ice surface velocity with warmer colors for faster velocities.
The GPS data over Schirmacher Oasis Region
The GPS data which are used to investigate the Schirmacher area in this paper are provided by the Institute für Planetare Geodäsie, Technische Universität Dresden. 
RESULTS AND DISCUSSION
In the experiment, eight profiles have been selected to measure the X-band SAR signal penetration depth and to study the relationship between penetration depth and backscattering coefficient.
On Recovery Ice Stream, four profiles (profile Ⅰ, Ⅱ, Ⅲ and Ⅳ) on the snow-covered areas have been selected and discussed in detail (Figure 8 ). Then on Schirmacher area, the intensive GPS measurements (Figure 9 ) with several tracks were carried out by TU Dresden. Most of the GPS measurements are located on the blue ice areas, especially on scene 3 and only a few GPS data are located on the snow-covered area. profile Ⅴ is the longest GPS track laying on the snow-covered area and profile Ⅵ is the longest GPS track on the blue ice area crossing all three scenes, while profile Ⅶ and profile Ⅷ are the grid tracks laying only on the blue ice region. 
Recovery Ice Stream
Based on the previous study, the elevation of most areas on Recovery Ice Stream did not have an obvious change from 2013 to 2015. However, an obvious elevation change has been found in the specific area where obvious glacier flow can be observed from the SAR intensity image (Figure 8 ). The surface elevation along profile Ⅳ with the longitude extends from -22.6° to -22.1° has an obvious surface elevation changes up to 11m and this part is not considered in the experiment. Figure 10 shows that on Recovery Ice Stream the elevation bias Δ ranges from -3.5 m to -5.7 m and the backscattering coefficient σ 0 ranges between -5.8 dB and -8.1 dB. Due to the SAR signal penetration effect in dry snow, the scattering phase center might be located several meters below the actual surface while DEM generated by InSAR records the location of the scattering phase center. Thus, the surface elevation obtained from TanDEM-X might be lower than the LiDAR ATM altimetry measurement and the elevation difference ℎ −ℎ <0. Due to the geographic location of the Recovery Ice Stream, only dry snow exists. It can be concluded that the X-band SAR signal penetration depth in dry snow is around 3.5 m to 5.7 m.
According to the scatter plots of profile Ⅰ, Ⅱ, Ⅲ and Ⅳ, a linear relationship between Δ and σ 0 can be assumed. The linear fit of each profile and the Pearson correlation coefficient of Δ and σ 0 are presented in Figure 11 . Generally, the strength of the correlation can be described by the absolute value of as following (Evans, 1996) : 
Schirmacher Area
Profile Ⅴ (Figure 10 ) crosses a snow area only where the blue ice is absent. The mean Δ is -7.0 m and the standard deviation is 3.9 m. The mean σ 0 is -11.7 dB and the corresponding standard deviation is -13.1 dB.
The GPS track of profile Ⅵ (Figure 10 ) traverses the blue ice area around Schirmacher and stretches along all the three TanDEM-X scenes, the mean elevation difference between TDM and GPS is 0.3 m and the corresponding standard deviation is 2.2 m. The mean backscattering coefficient is -10.9 dB with a corresponding standard deviation of -11.8 dB.
Along profile Ⅶ and profile Ⅷ, the mean Δ is -1.5 m and -1.0 m respectively and the corresponding standard deviation is 2.1 m and 1.7 m. The mean σ 0 is -11.7 dB along profile Ⅶ and -11.5 dB along profile Ⅷ while the corresponding standard deviation is -13.0 dB along profile Ⅶ and -12.8 dB along profile Ⅷ.
No linear relationship between σ 0 and Δ can be found along profile Ⅴ, profile Ⅵ, profile Ⅶ and profile Ⅷ. Figure 11 The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLII-2/W7, 2017 ISPRS Geospatial Week 2017 , 18-22 September 2017 shows clearly that the σ 0 of most GPS points in blue ice region ranges from -20 dB to -10 dB while most laser points in dry snow have a backscattering coefficient ranges from -10 dB to -5 dB. It indicates that the σ 0 in blue ice is lower than the σ 0 in the dry snow area. Table 2 summarizes the experiment results of eight profiles in the previous sections. Four profiles have been selected in each study site respectively and before the discussion of the results, the natural environment of these two sites have been studied. These two study sites have a totally different nature environment. The Recovery Ice Stream are in the dry snow zone where the typical temperature in summer is -25℃ and no melting occurs which means that this site only has dry snow at the surface with low snow accumulation. Meanwhile, the Schirmacher area has both dry snow zone and blue ice regions and the winter average temperature is -22℃ which indicates that it has the dry snow surface with low accumulation and blue-ice region. The natural difference between these two sites may contribute to the snow conditions which result in the difference backscattering coefficient pattern. In the dry snow-covered areas (profiles Ⅰ, Ⅱ, Ⅲ, Ⅳ and Ⅴ), the SAR signal two-way penetration depth is about 3.5 to 6.1 meters and the backscattering coefficient ranges from -11.1 dB to -5.8 dB. The penetration depth and backscattering coefficient along profile Ⅴ do not have similar value as the results measured along other four profiles which can be attributed to the difference in the natural environment.
Discussion
In the blue-ice areas (profile Ⅵ, profile Ⅶ and profile Ⅷ), Δ ranges from -1.5m to 0.3m which is smaller than the accuracy of TanDEM-X DEM (±2 m), therefore no penetration depth is expected. The SAR signal two-way penetration depth along profile Ⅵ is 0.3 m which indicates a thickening of the blue-ice areas on Schirmacher area confirmed by the repeat GPS measurements carried out by TU Dresden. The backscattering coefficient in blue ice region is around -11 dB which is lower than for the profiles located in the snow-covered areas.
A linear relationship between the backscattering coefficient and the elevation difference can be established in dry snow area but not in the blue ice area. However, this is an empirical relationship which doesn't by far match the complexity of the backscattering modeling based on the electromagnetic theory, which would be far beyond the aim of this paper.
CONCLUTION AND OUTLOOK
This paper demonstrates that the SAR signal penetration depth effect on the TanDEM-X absolute elevations over dry snow is about 3 m to 6m and no penetration depth is expected in blueice region in Antarctica. The SAR signal two-way penetration depth is estimated as the elevation difference between TanDEM-X DEM and the ATM laser altimetry elevations or the GPS measurements. Although the X-band SAR signal penetration depth in dry snow and blue ice has been measured successfully, there are few considerations that worth to mention.
Firstly, the study results are limited by the TanDEM-X DEM absolute vertical accuracy. During the generation of the DEM of Recovery Ice Stream used in this paper, the TanDEM-X DEM generated from data acquired in 2013 and corrected with IceBridge ATM laser altimetry elevations is used as the reference with no static GPS point is available in this area. Then the absolute vertical accuracy of DEM used in this paper may be influenced by the DEM generation approach. The study result may be more reliable if the DEM is calibrated with several static GPS points which are evenly distributed in the study area.
Secondly, the spatial coverage of the profiles can also influence the study results. Based on the four profiles in Recovery Ice Stream, a linear dependence could be found. However, more measurements and longer profiles are needed to validate this assumption.
Lastly, the relationship between the SAR penetration depth and the backscattering coefficient in dry snow could be further studied and the accurately model could be developed in the future. Meanwhile, no backscattering modeling of blue-ice exists which could also be a part of the future work.
